Amorphous, hydrous manganese oxide was prepared by anodic deposition in manganese acetate solution. The effect of heattreatments ͑up to 600°C͒ on the material characteristics of the oxides was investigated. The results indicated that the as-deposited oxide, which was fully amorphous, was transformed into a fibrous shape with nanocrystallinity after annealing at 200°C for 2 h. Mn 3 O 4 and Mn 2 O 3 were formed within the nanocrystalline oxide when heating at 400°C. Furthermore, by increasing the temperature over 500°C, the spherical Mn 2 O 3 particles became the only phase present. In addition, atomic force microscopy was also carried out to explore the surface morphology of the oxide electrodes. This characterization method recognized condensation, rearrangement, reconstruction, and growth of the deposited manganese oxide as a function of temperature. The corresponding electrochemical performances of the oxides were evaluated by chronopotentiometry. The pseudocapacitive characteristics, reversibility, and cyclic stability of the deposited manganese oxide were improved by introducing the proper heat-treatment. However, high-temperature ͑Ͼ200°C͒ heat-treatment promoted the formation of crystalline Electrochemical capacitors ͑or supercapacitors͒ are chargestorage devices that have greater power density and longer cycle life than batteries, and they possess higher energy density as compared with conventional capacitors.
Electrochemical capacitors ͑or supercapacitors͒ are chargestorage devices that have greater power density and longer cycle life than batteries, and they possess higher energy density as compared with conventional capacitors. 1 They have attracted attention in many fields as hybrid power sources, peak-power sources, backup-power storage, lightweight electronic fuses, starting power of fuel cells, etc. [2] [3] [4] Based on different energy storage mechanisms, there are two kinds of electrochemical capacitors. Electric double-layer capacitors ͑EDLCs͒ and pseudocapacitors have been examined. The former typically consists of electrodes ͑made of, for example, active carbon͒ with very high surface areas. The nonfaradaic separation of charges at the interface between a solid electrode and an electrolyte governs the capacitance of such a device. [5] [6] [7] The pseudocapacitance arises from fast, reversible faradaic redox reactions that occur near an electrode surface over an appropriate range of potentials. 2, [8] [9] [10] Amorphous hydrous ruthenium oxide has been demonstrated to exhibit excellent pseudocapacitive performance. 8 Strong dependence of its specific capacitance on the crystal structure, governed by annealing temperature, was also reported. 9 The largest specific capacitance ͑over 700 F/g͒, with excellent reversibility, was obtained at 150°C, which is just below the crystallization temperature. However, the high cost of ruthenium has limited its commercial use. The natural abundance and low cost of manganese oxide, accompanied by its satisfactory electrochemical performance and environmental compatibility, have made it one of the most promising electrode materials for pseudocapacitors.
Recently, manganese oxides with different material and electrochemical characteristics were prepared by various processes, including thermal decomposition, 11 coprecipitation, 12 the sol-gel process, [13] [14] [15] and anodic deposition. 16, 17 It was noticed that the effects of heat-treatment, though not extensively studied, were also very important. 13, [18] [19] [20] Reddy and Reddy 20 synthesized amorphous MnO 2 using the sol-gel method by reduction of NaMnO 4 with solid fumaric acid. Prepared samples remained amorphous until 400°C but transformed to crystalline Mn 2 O 3 at 500°C based on X-ray diffraction ͑XRD͒ analyses. Although the as-prepared and 250°C-dried materials yielded similar specific capacitances ͑over 100 F/g͒, the oxide lost almost all of its energy storage ability after annealing at 400°C. The phenomenon was quite different from that of ruthenium oxide mentioned above. 9 However, no further analytical data about the oxide were available to well explain it. Our previous study 19 systematically dealt with the anodically deposited manganese oxide annealed up to 700°C. The XRD results also indicated that the amorphous-to-crystalline ͑Mn 2 O 3 ͒ transformation, which resulted in the loss of the pseudocapacitive property of the oxide electrode, would not occur until 500°C. However, cyclic voltammetry tests showed that electrochemical stability of the as-deposited manganese oxide was significantly improved by sacrificing some of the specific capacitance when applying proper annealing ͑below 200°C͒. Furthermore, increasing the heating temperature to 300°C caused the degradation of the pseudocapacitive performance, even though its chemical composition ͑from energy-dispersive spectroscopy͒ and oxidation state did not vary much from the 100°C-annealed sample's. Clearly, a detailed material characterization regarding microstructure, local crystallinity, and the corresponding capacitive behavior of the deposited manganese oxide as a function of heat-treatment temperature is worthy of investigation.
In this study, manganese oxide slices with thicknesses around 50 nm were prepared by ultramicrotome and examined by transmission electron microscopy ͑TEM͒. The effects of heat-treatments ͑up to 600°C͒ on the surface morphologies of the oxides were also explored by atomic force microscopy ͑AFM͒. Moreover, galvanostatic charging and discharging were performed to evaluate the energystorage characteristics.
Experimental
Manganese oxide was electroplated onto the 1 ϫ 1 cm graphite substrates by anodic deposition in a neutral 0.5 M Mn͑CH 3 COO͒ 2 plating solution at 25°C. The substrates were first polished with 800-grit SiC paper, degreased with acetone and water, then etched in a 25°C 0.2 M H 2 SO 4 solution, and finally washed with pure water in an ultrasonic bath. During the deposition, the graphite substrate was maintained as the anode and a platinum sheet was used as the counter electrode. A saturated calomel electrode ͑SCE͒ was used as the reference electrode. An EG&G Princeton Applied Research model 263 potentiostat was employed to control the deposition conditions. Anodic deposition was performed under constant applied potential. The applied potential was 0.5 V ͑vs SCE͒ to give a total passed charge of 1.5 C. After electrodeposition, the electrode was dried in air. Some samples were then annealed at specific temperatures ͑up to 600°C͒ for 2 h. The amount of manganese oxide loaded onto the carbon substrate was then weighed using a Sartorius CP225D microbalance with the capacity and accuracy of 80 and 1 ϫ 10 −5 g, respectively. Because the deposited oxide was measured to be about 1.1 mg, a weight-to-charge ratio of 0.733 mg/C can be obtained during the deposition process. According to the theoretical values of 0.819 and 0.451 mg/C for electrodepositing Mn 2 O 3 and MnO 2 , respectively, the result implied that the deposit was probably dominated by trivalent and tetravalent manganese oxides.
A Setaram TGA 92 analyzer was used to perform the simultaneous thermogravimetric and differential thermal analyses ͑TG/ DTA͒. The as-deposited manganese oxide, detached from the graphite substrate, was heated from 25 to 700°C at a heating rate of 5°C/min under a flowing air atmosphere. The flow rate was 20 mL/min, and ␣-Al 2 O 3 was used as the reference material.
An ultrathin sectioning technique was employed to prepare the TEM specimens of the various manganese oxides. The manganese oxides were mechanically detached from the graphite substrates by a steel knife and then placed in gelatin capsules containing Spurr's epoxy resin mix. The samples were then kept at 60°C over 24 h for complete polymerization. Initially, the blocks of resin were trimmed with a knife, and then they were sectioned with the diamond cutter of the ultramicrotome. The section thickness was generally 40-60 nm. After cutting, the sections were mounted on copper grids and examined via TEM at 200 kV. A camera length of 100 cm was adopted as the electron diffraction was performed.
The surface morphologies of the manganese oxides, annealed at various temperatures, were observed using an atomic force microscope ͑ECAFM-Nanoscope E, Digital Instruments͒. All images were taken from the samples immersed in pure water using a fluid cell.
The electrochemistry of the manganese oxide was characterized by chronopotentiometry ͑CP͒ in 2 M KCl solution at room temperature. The test cell was a three-electrode system in which the man- ganese oxide electrode was used as the working electrode. A platinum sheet and a SCE were used as the counter and reference electrodes, respectively. The measuring instrument was an EG&G M263 potentiostat. A constant current of 5 mA was applied via chronopotentiometry for 500 redox cycles within the potential rage of 0-1 V ͑vs SCE͒.
Results and Discussion
TG and DT analyses of deposited manganese oxide.- Figure 1 shows the TG/DTA plot of the as-deposited manganese oxide, detached from the substrate, at a heating rate of 5°C/min in air. The weight and enthalpic changes as a function of temperature are demonstrated in this figure. The initially sharp weight loss, corresponding to an endothermic reaction, occurred below 100°C. This was attributed to the dehydration of structural water. As the temperature increased to 200°C, the rate of weight loss decreased slightly and an associated exothermic peak was observed. This was caused by the decomposition of the organic matter from the deposited solution. The near constancy of weight in the intermediate temperature range, 200-450°C, may be due to a balance between the loss of residual water and some oxygen, and partial oxidation of the oxide as reported in literature. 21 Stepped weight loss, along with a broad exo- thermic peak attributed to oxygen release, [21] [22] [23] was clearly recognized around 500°C. Based on the information from this figure, the as-deposited, 200, 400, 500, and 600°C-annealed manganese oxides were of interest. After annealing at each temperature for 2 h, the material characteristics and electrochemical behavior of the oxides were then examined, as described below.
Microstructure of manganese oxides annealed at various
temperatures.- Figure 2a shows the TEM bright-field image of the as-deposited manganese oxide. A featureless oxide film was observed. An electron diffraction pattern of the oxide was taken and is shown in Fig. 2b . The results indicate that the manganese oxide deposited in Mn͑CH 3 COO͒ 2 plating solution is amorphous in structure.
The TEM micrograph shown in Fig. 3a depicts the fiber-like morphology of the 200°C-annealed manganese oxide. The fibers ͑whiskers͒ with nanometer-scale dimensions were part of an interwoven network. Figure 3b reveals the electron diffraction pattern of the 200°C-annealed manganese oxide. Dim rings in the pattern depicted the nanocrystalline nature of the manganese oxide. Figure 3c shows the dark-field image of the same area. It further indicates that nanocrystalline grains were dispersed within the fibrous oxide. Because of the weak crystallinity, there was no diffraction peak recognized in our previous XRD analysis. 19 The manganese oxide's TEM bright-field image, taken after annealing at 400°C for 2 h, is shown as Fig. 4a . The complicated microstructure of the oxide was comprised of three components. The first was the interwoven fiber network, region A in the figure. It was similar to what was observed in the 200°C-annealed oxide but was more condensed. The second component consisted of contrasting blocks, region B, uniformly dispersed within the matrix of fibrous oxide. The third component consisted of many oxide particles with high degrees of crystallinity, region C. Electron diffraction analyses were used to further examine the crystal structure of these oxide regions. Region A demonstrated the same pattern shown in Fig. 3b and was determined to be a nanocrystalline phase. The pattern taken from region B is shown in Fig. 4b . Besides the nanocrystalline background, the distinct rings indicate the existence of Mn 3 O 4 . Based on the TEM analyses, it seemed like the contrasting blocks were directly transformed from the fibrous oxide by annealing. Figure 4c shows the electron diffraction pattern from region C. It was confirmed to contain Mn 2 O 3 . Compared to our previous work 19 which pointed out that crystalline phases were only detected ͑by XRD͒ when the annealing temperature was higher than 500°C, this shows that small amounts of crystalline Mn 3 O 4 and Mn 2 O 3 were formed in the local area of the 400°C-annealed oxide. Figure 5a shows the TEM micrograph of the manganese oxide annealed at 500°C for 2 h. Crystalline oxide with a spherical shape was clearly observed. A uniform particle diameter of about 40 nm was found. The crystal structure, as illustrated in Fig. 5b , was recognized as that of Mn 2 O 3 . The complete transformation of the manganese oxide to the Mn 2 O 3 phase at 500°C was believed to contribute to the stepped weight loss in the TGA plot. The morphology of the manganese oxide, when the annealing temperature was raised to 600°C, is shown in Fig. 5c . The oxide particle size was found to be quite larger than when annealed at 500°C. However, the 600°C-annealed oxide's electron diffraction pattern was similar to that of Fig. 5b . The result indicates that the Mn 2 O 3 increases in dimension without changing its structure when the annealing temperature is increased from 500 to 600°C. Figure 6 shows the surface morphologies, depicted by AFM, of the manganese oxides after different heat-treatments. Clearly, the oxide topography varied with annealing temperature. The as-deposited manganese oxide, shown in Fig. 6a , had a relatively smooth surface. Granular oxide could be recognized, nevertheless, with careful observation. Fig. 6b illustrates a rougher surface of the 200°C-annealed manganese oxide as compared to the as-deposited one. It is possible that the release of structural water and organic matter by the 200°C heat-treatment could compact the oxide and make the granular morphology more evident. An obvious rearrangement of the manganese oxide is seen in Fig. 6c as the annealing temperature was raised to 400°C. The granular oxides joined together to form the large oxide blocks. In other regions, however, small spherical particles were found. The diverse surface appearances observed on this sample correspond well with the complex microstructure examined in TEM analysis ͑as shown in Fig. 4͒ . Figure 6d shows the reconstruction of the oxide after annealing at 500°C for 2 h. Small spherical oxide particles uniformly cover the surface of the electrode. These are believed to be the crystalline Mn 2 O 3 particles revealed in the TEM micrograph. When the heat-treatment temperature was increased to 600°C, the size of the oxide particles grew, as demonstrated in Fig. 6e . This analytical result coincided with the TEM observation.
Surface morphology of various manganese oxides.-
Electrochemical characteristics.-Electrochemical properties of the manganese oxides were examined by galvanostatic chargedischarge tests ͑cp͒. Figure 7 shows the chronopotentiograms of various electrodes in 2 M KCl electrolyte with an applied current of 5 mA. As can be seen in Fig. 7a , the as-deposited manganese oxide electrode exhibited good symmetry and near-linear slope in the charge and discharge curves. These results supported that the electrode was electrochemically reversible and possessed pseudocapacitive characteristics. Moreover, the specific capacitance of the manganese oxide can be calculated according to the following equation
where I is the applied current and w is the weight of the deposit. For the as-deposited oxide, charging and discharging times were 47 and 42 s, respectively, and w was measured as 0.00110 g. The average specific capacitance was determined to be 202 F/g. Figure 7b shows the CP of a 200°C-annealed manganese oxide electrode. The charging and discharging branches were more symmetric at 36 and 33 s, respectively, than those of the as-deposited oxide. The result demonstrates a higher degree of reversibility for the annealed manganese oxide as compared to the as-deposited one. Furthermore, it was found that the potential drop, due to poor electrical conductivity, in the early stage of either charging or discharging ͑as presented in Fig.  7a͒ was eliminated by 200°C heat-treatment. Based on the afterannealing weight of 0.00094 g, the specific capacitance of the oxide was 184 F/g. The slightly lower capacitance, as compared to the as-deposited sample, could be attributed to the formation of nanocrystallinity and the condensation of the deposited manganese oxide. Both processes were considered to hinder the protonation and deprotonation reactions of the oxide electrode. When the heat-treatment temperature reached 400°C, the charging and discharging curves of the oxide became nonsymmetric and nonlinear, as shown in Fig. 7c . The pseudocapacitive property of the manganese oxide was thus considered to degrade after annealing at such a high temperature as 400°C. It could be attributed to partial crystallization of Mn 3 O 4 and Mn 2 O 3 within the oxide film and rearrangement of its surface appearance. Fig. 7d shows the cp plot of the manganese oxide annealed at 600°C. At this temperature, the deposited oxide was totally transformed to Mn 2 O 3 with a high degree of crystallinity, as recognized in TEM analysis. Because the crystal lattice, rather than the amorphous structure, is rigid and difficult to expand ͑or contract͒, retardation of the protonation ͑or deprotonation͒ reaction of the oxide electrode is expected. The fast, continuous and reversible faradaic reaction was thus hindered and consequently caused the loss of the pseudocapacitive property.
The cyclic stability of the as-deposited and 200°C-annealed manganese oxide electrodes were further explored by repeating the galvanostatic charging and discharging for 500 cycles. Figure 8 shows the variation of specific capacitance with cycle number for these two electrodes. For the as-deposited oxide, the specific capacitance declined rapidly during the first 100 cycles and gradually degraded thereafter. A specific capacitance of 154 F/g was found at the 500th cycle, i.e., 24% loss during 500 charge/discharge cycles. As also revealed in Fig. 8 , the specific capacitance of the 200°C-annealed manganese oxide electrode remained almost constant during cycling. Only a 3% loss ͑178 F/g at the 500th cycle͒ was measured after the same test. It is believed that the improved stability of the electrode was due to high reversibility of the nanocrystalline fibrous manganese oxide which was obtained via proper heat-treatment, i.e., 200°C.
Conclusions
First, the as-deposited manganese oxide film, which was fully amorphous, was transformed to a fibrous structure with dispersive nanocrystals after annealing at 200°C for 2 h. Moreover, oxide condensation, due to release of structural water and residual organic matter, made the film rougher and more compact, as recognized by AFM. Consequently, the pseudocapacitive characteristics and the cyclic stability of the oxide electrode was significantly improved by sacrificing some of the specific capacitance. Second, when the temperature was raised to 400°C, partial crystallization accompanied by surface rearrangement of Mn 3 O 4 and Mn 2 O 3 within the nanocrystalline manganese oxide was found. These reactions caused the degradation of the pseudocapacitive property. Third, the anodically deposited oxide was totally transformed to spherical Mn 2 O 3 particles at 500°C. The growth of oxide particles, without crystalline structure change, could be observed by TEM and AFM as the annealing temperature was increased to 600°C. After this heat-treatment, the oxide electrodes did not show a pseudocapacitive response. 
